Abstract: This study examined whether the method of hair cortisol analysis is applicable to orangutans (Pongo spp.) and can help to advance the objective monitoring of stress in non-human primates. Specifically, we examined whether fundamental prerequisites for hair cortisol analysis are given in orangutans and, subsequently, whether segmental hair analysis may provide a retrospective calendar of longterm cortisol levels. For this, hair samples were examined from 71 zoo-living orang-utans (38 males, mean age=22.5years; 33 females, mean age=24years) for which detailed records of past living conditions were available. Hair samples were cut from defined body regions and were analyzed either in full length or in segments. Results showed that hair cortisol concentrations (HCC) were unrelated to age or sex of the individual animal. HCC were found to be higher in orang-utans, with perceived long-term stressful periods (mean HCC=43.6±26.5pg/mg, n=13) compared to animals without perceived stressful periods (19.3±5.5pg/mg, n=55, P<0.001). In non-stressed animals, segmental hair analyses revealed that HCC was stable along the hair shaft even when hair reached >40cm. The possibility of obtaining a retrospective calendar of stress-related cortisol changes through hair analysis was further supported by data of three case studies showing close correspondence between the segmental HCC results and keeper reports of stress exposure during the respective time periods. Finally, low within-animal variation in HCC from different body regions (CV%: 14.3) suggested that this method may also be applicable to naturally shed hair, e.g., as found in nests of wild orang-utans and other great apes. Therefore, using HCC may provide an ideal non-invasive tool for both captive management as well as conservation in orang-utans and potentially other great apes. This study examined whether the method of hair cortisol analysis is applicable to 
Introduction

44
Until recently, it has been rather difficult to assess the endocrine consequences of one key advantage of hair is the stability of HCC under ambient keeping conditions. This enables easy storage and posting of samples (see Stalder and Kirschbaum, 2012) , which 67 could make this method highly valuable in remote places.
68
Given the continuous growth of hair, an important additional benefit is its potential to 69 derive a retrospective cortisol calendar from segmental hair analyses. However, this is still 
74
To use hair as a retrospective cortisol calendar a number of biological preconditions must 75 be met: First, cortisol incorporation into the hair matrix must be largely completed before 76 the hair reaches the skin surface. Later incorporation (e. g. through sweat) is a potential 77 influence on cortisol levels in human scalp hair (Russell et with intra-group conflicts, transfer and severe/chronic illness. Based on these subjective 124 keeper reports, animals with perceived stressful periods were defined as 'stressed'
125 animals (n = 15) whereas those without perceived stressful periods were defined as 'non-126 stressed' animals (n = 56). 
Sample collection and preparation
128
Hair growth rate was assessed from three animals aged 29 (male), 26 (female) and 1
129
(male) by shaving and re-shaving of the same patch 4-6 weeks later. Growth rate was 
142
In addition, samples of three individuals met the criteria for segmental hair analysis 143 with temporal assignment. These individuals provided hair of at least 9 cm length and 144 furthermore had experienced severe stressful periods of at least one month. Samples 145 including at least 100 single hairs per strand were segmented into 2 or 3 cm.
146
Subsequently, each segment was analysed as described in 2.3 and HCC was plotted 147 against the individual corresponding timeline.
148
To examine potential differences in HCC between different body regions we examined 
Cortisol stability and variability along hair shaft
215
In non-stressed animals with hair strands of 15 cm, no differences in HCC were found between the five consecutive 3 cm hair segments (F (2.6, 44.7) = 1.6, P = 0.2, n = 18; see Figure 2 ). In line with this, the examination of HCC in a single animal with very long hair (42 cm representing ~3.5 years) also revealed a very stable HCC profile across all 14 segments (35.2 ± 2.5 mg/pg). Furthermore, the HCC between segments varied significantly more in hair samples of animals for which keepers had reported some stressful periods (CV% = 32.8 ± 16.5%, n = 10) than in animals which had lived under stable conditions (CV% = 16.1 ± 9%, n = 29; t (37) = 3.79, P < 0.001).
Influence of body regions on HCC
216
HCC did not differ between the six defined body regions (F (2.4, 38.1) = 1.10, P = 0.4, n = animals of which hair samples from two or more body regions were available, the mean
222
CV% of HCC between body regions was 14.3% (range = 4.7% to 29.6%).
Hair as a retrospective endocrine calendar -individual case reports 224
The mean growth rate was found to be 0.98 cm / 30 days (individual 1: 1.1 ± 0.13 cm to levels of non-stressed animals (28 pg/mg).
253
4 Discussion
254
The current study on orang-utans shows that the analysis of the stress-responsive 255 hormone cortisol in hair is a highly valuable tool, which may advance long-term stress This is the first study to show the feasibility of segmental hair analysis using non- 
